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ABSTRACT

The insitu state of stress plays a major rolel@terminingthe response of the rock mass to hydraulic stimulati@etionsusedto
develop heatexchangers inow-permeability EGS reservoirds such, stress and its heterogeneityst be spefied in any
geomechanical model of thérsulation process. This paper presents the results of an evaluation of stress magnihedgranitic
EGSreservoirin Basel, Switzerland. The profile of minimum principal horizontal stress, Shmin, is constiogitgdraulic tests,

but the magnitude of the maximum horizontal principal stress, SHmax is uncertain. Here we derive estimates for SHmax by
analysingbreakout widthdata froman acoustic televiewer log ruhe 5 km deep borehole BIS Some 81% of the bohele below

the granite top at 2.42 ki affected by teakouts, which is favourable fexamining the depth trends of the estimageprimary
objective of the analysis was to evaluate the impact of four different failure criteria on the SHmax magtiihadeseS he criteria
where Rankine, Moh€oulomb, MogiCoulomb, and HoeBrown 3D. All were parametrized using strength data feosingle
multi-stage triaxial compressive test a core plug taken from near the well bottdnrmumerical approach was empéa to derive
SHmax magnitude from the estimatedakout widthstakinginto account all stress components at the borehole wall including the
remnant thermal stress arising from the cooling of the borehole wall by the dRlliexgous studies of breakiowidth have shown

that large, smalscale fluctuations are associated with fractures, which reflect variations in strength or stress, or both. At larger
scales, breakout width tends to decrease with depth. Assuming there is no significant systemagicinchihegstrength
characteristics of the rock along the length of the hole, for which there is no evidence, tsedérdeend has the consequence of
implying a small gradient of the SHmax profile. This result is independent of the failure critedoalsarof the profile of Shmin
used in the analysis. The absolute values of SHmax depend upon the failure criterion used. Criteria that consideh#rergtrengt
effect of the intermediate stress (Magoulomb and HoelBrown 3D) yield profiles that violatfrictional limits on the strength of
the crust above 4 km, whereas the profiles of the Mibulomb and Rankine criteria do not (the latter twoemsentiallyidentical

for the case where pore pressure and wellbore pressure araedualthe range of Shmin and SHmax relevant for our analyses
The MohrCoulomb/Rankine criteria profiles indicate a trend in SHmax from favoring slifxdaulting above 4200 m to strike
slip/normal faulting below. This is reasonably consistent wotef mechanisms recorded during the reservoir stimulation which
show a mix of strikeslip and normal faulting throughout the depth range considered.

1.INTRODUCTION

The hydraulic stimulation of lovpermeability EGS reservoirs is necessary for such system®daice commercibl interesting

flow rates. The irsitu state of stress plays a major role in the response of the rock mass to hydraulic stijdations Thus, it

is a key parameter that must be specified in any geomechanical model of the stmpriatiess. In most situations, the vertical
stress magnitude, Sv, at reservoir depth can be taken as the weight of the overburden derived from defibigyrfoggsnum
horizontal stress magnitude, Shmin, can be estimated from hydraulic tests periois@dtéd intervals inthe openhole of the
reservoir or in short intervals drilledmmediately below casing points. In deep boreholes, wellbore failure is common, and this
provides a good indication of the orientation of Shmin. Howevertagnitudeof the maximum principalhorizontal stress,
SHmayx, is particularly difficult to constrain.

One approach that is now commonly applied is to estimate SHmax from the width of bre¢Bleotdr et al., 1988)However,
such approach relies heavily on thppropiatenessof the failurecriteria used in the analyse3ifferent failure criteria lead to
significantly different SHmax estimates. For exampulgteria that consider the strengthening effect of the intermediate principal
stress,give significantly higherSHmax magnitudestimatescompared tahose that consider onte minimum and maximum
principal stress. Irrespectively of the failure criterion used, obtaining a representative estimata-eitthstrength characteristics

of the rockis difficult. Such anestimate is usually based arechanicatestson a fewcore samplesThe paucity of datimits our
ability to quantify strength variabilifyandhinders the assessmenttbé representativeness of tegtimateto in-situ conditions. In
addition, coe damage dut the formation of micrecracks when coringand the relaxation of the-Bitu stresseis likely to lead to

an underestimation of the-Bitu strengtiMartin and Stimpson, 2004An alternative approach is to estimatesitu strengthusing
physical properties obtained from borehole logs (e.g. Chang et al., 2a88¢ver the correlationsunderlying this approacabften

do not bring robust constraints on the strength if they are not intensively calibrated to the site specific roéketpitesthese
potentiallimitations, analyses of boreleofailure providesome constraints on SHmax magnitude, particularly when the intensity or
style of borehole failurevaries with depti{Valley and Evans, 2007Matching these depth depemdvariations as for example a
transition with depth from drilling induced tension fractures to breakouts as observed in the deep boreholessufuSBualtats
(Valley and Evans, 20073llow usually to set useful bounds in the SHmax magnitude or at least to evakiateess magnitude
gradients

This papempresents SHmax profiles in tlgeanitic section of th®& km deep Basel well from breakout width derived using four
different failure criteria The focus is to demonstrate the sensitivity of the SHmax estimatéiset failure criteria used The
resulting profiles are compared to the variations in stress suggested by the style of focal mechanism&afthtjoekes induced
in the reservoir during the stimulation injections.
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2.CONSTRAINTS ON DEPTH TRENDS OF STRESSCOMPONENT SAT THE BASEL GEOTHER MAL SITE

In 2006, a 5 km deep borehole was drilled below the city of BgSslitzerland) with the inteion of devebping an
EnhancetEngineeredseothermal SysterfEGS) within a granite body whose weathered top lies bend&® & of sedimentary
cover (Haring et al. 2008)After an extensiveeservoircharacterization phastie open hole section between 4632 m and 5009 m
was subject t@ hydraulic stimulatiofnjectionin Decenber 2006as the first stage in creating a heatlenger within te granite
This stimulation injectiorproducedseismicitythat was felt in the city of Basel, which eventually resulteth@nabandonmeraf

the project.

Theaverageorientation of the maximum horizontal principal stress in the basevhéme southern part of the Upper Rhine Graben
and the Swiss foreland region centered on Basel is well defined from failure analyses in deep W&etmdeand Roth, 1998;
Valley & Evans, 2009)and stress inversiorof focal mechanisms (Kastrup et al., 2004he results areonsistent with the
observation of borehole failure in thekéh deep BS1 borehokhat indicatea meanSHmax orientation of 143°+14° (Valley and
Evans, 2009).Focal mechanisms in the arshowa mix of stike-slip and normal faulting, with strikslip being dominant in the
southern end of the Upper Rhine Graben (Kastrup et al., 2004). Haring et al. (2008) proposed an initial charactehzasimessf t
magnitude in the Basel EGS reservoir that is comsisvith a strike slip regime. Their characterizati®based various indicators,
including a single RACOS (Rock Anisotropy Characterization on Samples; Braun, 2007) measaremsitigle core sample
recovered frond911m. The principle of RACOS mea®ment is similar to residual strain analyses, but in the case of the RACOS
approach, Pand S wave velocities are measured and used in the analjsedletails of the analygsihoweverarenot disclosed
and thus validity cannot be assessed

A profile for vertical stress in the opdwwle section below 4623 m was derivedH#ring et al. (2008). The density profile of the
sedimentary section was estimated from density logs run over sections of the 1 km distant well E&tesbpplemented by
average famation densities given by Scharli and Kohl (2002). Combining this with the density log from1Bésey estimated
meandensityfor the rock overlying the open hole sectifri2538kg/n¥, giving an Sv profile of:

Sv=rgz=24.9 z MPa/km @

The mean densitgf the granite section below 2426 B® is 2683kg/m°, somewhat higher than tmeean value abovegiving a
steepemgradientof 26.3 MPa/knfor the granitic sectionTaking into account thdensity datdor the sedimerry sectiorused by
Haring et al. (2008yives a Sv profile for the granitic section 8+ = 26.3 z 4.0 MPa/kmThe estimate of Eql] is a convenient
simplification for our analysis It is exact at 285™ depth, overestimates Sv by 0.6 MPa at the top of the granite, and
underestimates Sv t8/0 MPa at the hole bottom (5004).

The profileof Shmin is best estimated from hydrofracture tdstsleep wells|n the oil and gas sector, conventional hydrofracture

or 'minifrac’ tests are rarely conduciading to operational difficulties in hydraulically isolating short test intervals. ReSnenjn
estimates arasually extractedrom FITs (Formation Integrity Tesy, LOTs (Leakoff tests), or XLOTs (Extended Leakf Tests).

These arsmallvolumeinjection tests performedn a short £10 n) section of hole drilleéihead of a casing shaéier cementing
acasing to test the integrity of the cementing and deterthm@ressure at which the injectivity of the formation begins to increase
due to the opening of fractures.is usually not known whether a natural or an induced fracture opand thus whether the
opening pressure is a direct measure of the mininmimcipal horizontalstress or is greatelOnly XLOT tests feature
pressurizatiorcycles which are necessary to demonstrate that the increase in permeability is due t& fractare opening, as
required for the pressure to be representative afidheal $ress on the fracture that opeR$Ts are usually the most ambiguous in

this regard, anthay show permeability increases due to shearing at pressuotslower tharthe level of the minimum principal
stressFITs, unlike XLOTs, may yield underestimates Shmin, but both can yield overestimat@s. FIT test was performed at

2602 m BG immediately after cementing the 10.75" liner and showed flattening at a downhole pressure of 34 MPa. Iethis is tak
as a direct measure of Shmin at 2602 m BG, and therStwofile is assumed to be linear and passes through the origin (i.e. Shmin
is zero at the surface), then the vatfi&shminat the top of the open hole section at 4632 m would be 60.6 MPa. The Shmin profile
would be similar to that found at Soultz inastmus Shmin would be about 52% of the vertical stress (Valley & Evan6).200
However, since the wellbore pressure at 4632 m reached 74.4 MPa towards the end of the stimulation injection, thedextrapolate
Shmin profile from the FIT measurement would imgipttthe borehole pressure exceeded Shmin at the casing shoe by 13.8 MPa.
Such a large excess is implausible, particularly as there arelevaloped drillinginduced tension fractures at the top of the open
hole that would surely extend as hydrofractureder such a high overpressure. For this reason, the best estimate oA64634

m (the 75/8" liner shoejs taken as 74.4 MPa, the maximum pressure reached during the stimulation injection. Evidence at Soultz
suggests that the maximum pressure atthatethetop of the open hole sectigrpresents a reasonable measure of Slamnihat

depth although this is probably not a universal rule (Valley & Evans6R@&suming a linear Shmin trend that pasbesugh the

origin, this Shmin measure at 4632l@ads to the following linear trend:

Shmin = 16.06 z MPa/km 2

This is slightly less than the value of 17.1 MPa adopted by Haring et al (2008), which is influenced by a single RACOS
measurement on core taken from near 480®raun, 2007)Consideringa linear fit troughboththe FIT test result at 2608 and
the maximum pressure reahat the liner shoe (4632) leads an evelargergradientwith a large negative offset at zero depth:

Shmin = 19.90 z- 17.78 MPa/km (©)]

In the following analyseshe pore pressuneill be consideredo be given by hydrostatic conditions with a fluid density of 1000
kg/nr.

Pp=r;gz=9.81z MPa/km 4



Valley and Evans

The SHmax prfile is the most difficult to constraiand is the focus of this pap@&pecifically, we will examine SHmax estimates
derived fromthe width of borehole breakout$his analyses starts by considering the stress concentrations arising at the borehole
wall.

3.STRESS STATE AT THEBOREHOLE WALL

The objectiveof the analysiss to examine the relationship between the width of breakout failure BiSieborehole and the far

field stressegor different failure criteriaWe assumé¢hat borehole failure initiageat the borehole walland thusonly the stress

stateat the wallis relevant for determining breakout width (not true if other aspects of the failure of the geometry are considered)
The borehole Bl is taken as vertid, since the maximum deviatidrom verticality is 8°. Wealsoassume that one principal stress

is vertical and thus caxial with the borehole axis. An extension of the analysis to the more general case where the borehole is not
aligned with a principal stress axis could be made usinggheoach of Hiramatsu and Oka (1968).

Thetotal stressstateat thecircularborehole wall can be expressed in cylindrical coordinates by the principal cbrepsnents of
the tangential stresSq , the radial stressS;, andthe axial stress5,. Assumingfar-field stress magnitudes, S8Hmax and Shmin,

and a wellbore fluid pressure of Pw, the magnitudes of the components at ar fnogtethe SHmax direction are:

S =Pw+ $ d (5)
Sq = Shmin + SHmax 2(SHmaxShmincog2q) - Pw + %T (6)
S, = Sv- 2n(SHmaxShmincog2q) + SZDT W)

. , . DT . . . .
wheren is Pobs 0 nrdtis, andSrDT, Sq and SET are possible thermastress componenia the radial, tangential and axial

directionsarising fromany differencen rock temperatureDT, at the boreholevall from ambient temperatur@hethermal stress
componentst the borehole walire given byStephens and Voight (19823

SPT =0 ®)
DT _ DT _aEDT
Se =S, = 1In ©)
whereE i s t he Wusainthedceefficemtdf linear expansipandDT is positive for heating and negative for cooling.

The question of which of the three principal stresses at the boreholeon@épond to the maximum, intermediatem@nimum
stress for any far fieldtress ondition (i.e. any combination dshmin, SHmax, Sv and Pw) and any location around the gple (

not trivial. However, when considering tiegcumferentiallocations favorable fobreakoutfailure (sectos centered at| = 90 or
270°),Sq>sz>§, is valid in most situation. Aexceptionarise when SHmax and Shmin are almost equal and of low magnitudes

compared to Sv: in this situatio8, can become the maximum principal stréSjsecial care must thus keken when considering
borehole failure analyses in sugbktresgegime.

4.FAILURE CRITERIA

In this section welescribethe variousfailure criteriaused the analysi€xtended reviewof failure criteriaused in wellbore failure
analysiscan be found ifColmenares and Zoback (2002) and Zhang et al. (20M®. criteriawere parametrized tihe case of the
Baselmonzograniteusing multi-stage confined compression tests performed on a single coréyBigaun (2007) The 34 mm
diameter sample was 70 mm length and was itself cored from thelO0 mm diameter core recovered fincthe BS1 hole. The
sample is from a depth of 4902 BG, and consist®f monzogranitewith a composition ofapproximately50% quartz 25%
plagioclase, 10% potassiueldspar and 1% ferromagnesiafeldspar The grain size in the plug sample is abcti®m, although
large K-Feldspar (up to 8m long) are present in the BS1 cdtewas testedunder axial loadingvith increasing confinemerin
stepsof 5, 10, 30, 50 and 7Pa Confinementwasincreased when signs of yield were identified on the axial or radial strain
recorcs. The axial stress at yield for each confining stress level are listed in Taflee elastic properties determinddring the

first loadingstepwith 5 MPa confinemenand ignoring initial closure effects afe= 39 GPa for the Youn@ snodulus andh = 0.22

for theP o i ssgatianSamilar values were obtained subsequent stes higher confiing pressureTheme asur ed st at i c
modulusis unrealisticallylow for a finegrained monzogranite arsl not consistent witthe averagelynamic modulusf ~80 GPa
deiived from sonic and density logStatic Young'smoduluswould be expected to be orly to 20% lower than dynamic modulus
(Eissa and Kazi, 1988yvhich in this case would be about 6Pa, but not les#\ possible explanation for this discrepancy could
bethe presence of core damage, although in this case one would #xeéfiect ofdamage on modulusould diminished with
increasing confinement which is not the cémethis test This discrepancy in modulus remains at the moment unexplained. A
modulus of 65GPa will be used in the analysékhe coefficient of linear thermal expansion estimated from minerai®gy
approximatelyle5 K1,

A number of factors must be bt in mind when considering the degree to which the data in Tak##lect the strength
characteristics of the intact rock undessitu canditions.Significant core damage in the forrhdisking or incipient diskingvith 2-

3 cm spacingvasobservedalong almost the entire0 m length of thel0 cm diameter corextracted from near the bottom thie

BS-1 borehole. Althouglit is likely that the plug used in the strength testing was selected to be as far as possible from an incipient

3
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disking fracture, the spacing and ubiquitous nature of the incipient disking would make it difficult to find a zone t@ &4nacn

plug tha did not contain microscopic damage associated with the disking process. In any case, relaxasiio efress would

induce microscopic damage that would serve to reduce the strength and Young's modulus of the sample, and increasedit's Poisso
ratio. Strength reductions due to stress relaxation of up to 30% have been reported (Martin and Stimpson, 1994), and disking
related damage could also add to this. Moreover, the size of the sample tested is significantly smaller than recommended
(Beniawski andernede, 1979), although this is more likely to have the opposite effect of producing an overestimate of the strength
and modulus compared to tests on standard size (Darlington et al., 2011). A further concern is that the multistageugestadure
thetesting can generate bias if the loading system is too slow to react to the onset of yield and significant damage oecurs befo
stabilizing the sample by increasing the confinement. If such occurs, the strength estimate at higher confinement temds to be
leading to underestimation of the internal friction angle. Finally, only a single test was performed, and thus there is no
demonstration of reproducibility or assessment of the variability of strength characteristicsthelongle. In view of these
limitations, the strength data given in Talblare viewed as tentative.

Table 1: Results from multi-stage strength testing of a@ingle plug from of the Basel core from Braun (2007).

So=s3 (confinement) [MPa] 5 10 30 50 70

s1 (axial load at estimated yield point) [MPa] 169.7 | 221.7 | 337.3 | 4425 557.3

For all failure criteriaconsidered, theveakening effect of pore pressure as described IBffantive stresséaw must be included
The effective stressgs are computed from total stres as:

s=S-bPp (20

whereb is a coefficient in the effective stress law that depends of the failure rRodecompressive failure we consider a
coefficientb=1.0, as found by Brace and Martin (1968) to be vahen for lowporosity crystalline rocksHowever, we consider

that therock at the borehole wall is likely to have a significantly higher porosity than the undisturbed granite owing to severe
changes in stress experienced during drilling.

4.1 Rankine criteri on

This is the simplesf theconsidered criteria in which the strengtithe borehole wall is assumed to be a constaaépendent of
the intermediate or minimum effective stress, or s3. With this criteria, failure occurs when the maximum effective principal

stresss 1 , exceedastrength thresholdCa
s10 oC (12

R
The strength threshol@ is typically considered to be equal to theiaxial compressive strength. The value of the uniaxial
compressivestrength for the Basel granite is discussed below.

4.2 Mohr-Coulomb criterion

In the Mohr-Coulomb criterionrock strengthincreasedinearly with the minimum effective principatress This criteria can be
expressed in terms of principal stresas following

s10 o@as3 12
where C, is the uniaxial compressive strengind gis a material constant that can be related to the internal friction,&ngle

f L . .
throughqg = 1an7—(%+§) . Plots of theMohr-Coulomb criterionin (s3-s1 )and(s, - t ) spacs for the Basel datgiven in Tablel
are shown inFig. 1. The datafollow linear trends except for thdata point ithe lowest confining pressure 6fMPa which
indicates a lowes failure stress. Taken on face value, this suggeititer a curve criterion (e.g. HoelBrown criterion) or a

bilinear criterion However, the possibility that it reflects sample damage cannot be ruledf arie discards the BIPa
confinement data point, the extrapolated strength at zero confingingerthe uniaxial compressive strengts)Cy = 167 MPa

(blue dashedine on Fig.1a), and thenternalfriction angle is 44°However, if the lowermost data point is considered ydafidn
thelinear fit through théwo lowemostconfinement data points (red line on Fig) or a curved criteriothrough all datagive
Cp = 118MPa. The implied internal friction anglesare 55.5° for confinement smaller than NIBa and 44.0° for confinement

higher than 10 MPa

4.3 Mogi-Coulomb criterion

The MogiCoulonb criterion, proposed by AAj mi and Zi mmer man (2005) is a lineari z:
1 Sl + 53

1971) that relates the octahedral shear sttqﬁﬁ,:g\/(sl-sz)2+ (32-33)2+ (33-51)2 to the mean stress,;y =— 5 —

Expressed ins; o-toct Space, the failure iterion is:

tocth + L'Bmz (13)
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Figure 1: Strength data of Table1 for the Basel granite withbestlinear fits in a) s3-sq andb) s, -t spaces
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Figure 2: Strength data of Table1 for the Basel graniteplotted in s, o - tyct Space(circles). See text for description of the
linear fits.

The parameters a and b are material constants that are related th€dd@imb parameters of internal frictidn,and cohesion, c,

22
-3

22 . . A
by a ¢ cogf) andb :A?)E sin(f) . The strength test data from Talllare plotted irs; -t ot Space in Fig2. The black

line denotes the best linear fit to the test data points (circles). Also shown are the two failure lines derived frdm@uilmb
parameters given in Fid: red for the fit to the two low confinement data (red line in Ejgand blue for the fit to all poinexcept
the lowest confinement point (blue line in Fij. The latter is essentially identical to the direallsrived curve.

4.4 Three dimensional HoekBrown criterion

The HoekBrown failure criterionis an empiricalnon-linear failure criteron that is based upoempirical (Hoek and Beniawski,
1965)and theoreticatonsiderationgGriffith, 1920). For intact rock it has thdorm:

| s
s10s3+C\ [ M, C_2+ 1 (14)

where mi and Co are parameters. The strength data from Tabdeplotted in g3 - s41) space in Fig3a, together with the best

fitting curve of the form ofEq. (14). Zhang and Zhy2007) proposed an extension of this criteribnorder to account for ¢h
intermediate principal stress. Expressedjfo-toct Space, it takes the form:

9 2 3 .
2C foct™* 5y Mi foct™ M Sm.20C0 s
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Figure 3. a) Hoek-Brown criteri on fit through the Baselcore-test strengthdata in (s3 - s1 ) space. b) Same data and same
fitin (Sy.2-toet ) Space

and @n be understood as a rlimear version of the Mogi criterion. The data from Tablare plotted ing, o- toct ) SPace in
Fig. 3b. Thefitted curve is obtained by introducing the parame@gysandm; determined r1i (s3-s4 ) space(Eqg. 14) in Eq.(15
and this prduce a very satisfactory fi\ least square best fit to the data directly in g, o- t ¢t ) Spacdeads to only slightly
different fitting parameters.

5.SHMAX ESTIMATE FROM BREAKOUT WIDTH

Barton and Zoback (198&dopteda Rankine failure criterion, arassumed that the width of a breakout that formed for a given
combination of faffield stressesSHmax & Shminand interval wellbore pressyrew, would be defined by all points around the

R
borehole wall where the effectivangent stressq = Sq - Pp , reeches or exceeds the Rankine failure threshgjd Theyderived
an equation for computingHmax from breakoutalf width, gy, , givenan independent estimate for Shmiiter modification to

. DT o, .
include the presence of a thermal componSat, (Eq.9) to the tangent stress at the wellbore wall arising fropossible

temperature perturbatidrom ambient (e.g. Valley2007),the relation becomes:

R DT .
Co+ Pp +Pw Sq - Shmin(1 - 2cog2qp))
1+2co%2qp)

SHmax = (16)

This approachmakes severajuestionableassumptionsFirstly, the effect of evolving borehole geometry on tangent stress at the
borehole wall during breakout development is not considdieel.validity of this assumption is not clear and may depend of the
mode of failureSecondly, it is assumetdatsq is the maximum principal stress for all valuegpfwvhich is not always strictly the

case. As discussed in Sect@rthisassunption is almost alwaysruefor g=90 and 270°, bus often not trudor g=0 and 180°Eq.
(16) is thus not valid for very wide breakouts. Anotheasonwvhy Eq. (16) is not validfor wide breakouts is due to its asymptotic
behavior as breakout width 2q, approachesl2(®, the denominator of Eq.16) appro&heszero and thus SHmakecomes

undeterminedMoreover, br widths close to 120°, small variations in widfiroducelarge changes in the estimate of SHmax,
leading to poor constraints on SHm&ar these two reasons, it is not recommended to uselBgwhen the breakout width is
larger than 100°.

A slightly different expression can be derived using a Mobulomb criterion (Eql2), wherestrength is a function of the
minimum dfective principal stresss3. Here the maximum principal stress faken asSq (Eq. 6) and the minimum principal

stressasSy (EqQ.5). The estimate of SHmax is obtained in the same eraamfor the Rankine criteridoy solving for SHmax at
the breakout edge:

Co+ Pp +Pw S(?T - Ppg + Pwq - Shmin(1 - 2cog2qy,))
1+2cog2qp) 17)

SHmax =

whereq is the frictional strendt component as defined in EQ.2J. This relation suffers from the same limitaticarssEq. 16 and
should not beused 6r breakout width larger tihnal00°. It is important to note thdEq. (17) reduces to Eq.16) when Pw=Pp,
becausehen theminimum effective principal stress at the borehole waltomeserqg and the borehole wall strength is constant
and equal t&Cy . In our analyses, weake Pw=Pp, and so the results for the MGoulomb criterion are identical to the Rankine

R
criterion, with,Cq .= Cj.
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Analytical solutions for SHmax are not easily derived when considering cnitbgeethe intermediate effgive principal stres
S, influences the strength €.g. Mogi-Coulomb or HoekBrown 3D). However, the solution can be computed numerically. In

addition, when computing the solution numerically, the relative magnitudSquSZ andS; can be checked before introdug
them in the failure criteriorwhich remove one of thdimitations discussed above.

The SHmaxShmin solution spasalefined fromnumerical computatiaof the breakout width usingad the four failure criteria
parameterized using tltmta in Tablel arepresented in Figh. Curves are shown for a range of breakout widihie Rankine and
Mohr-Coulomb criteria lead to identical results exceptery high SHmax magnitude$his is due to the fact that with very high
SHmax magnitudes, the minimum principal stress at the borehole wall is the axial comfgnhantl(is negative. With the Mohr

Coulomb criteria, a negative minimum principal stress leads to a weakening of the borehole wall to values @Gssahaifect

which is not captured by the Rankine criteria. This effect is although not captured b¥7Ecdue to the assumption in this
equation that the minimum principal stress is always the radial .sffkes120° contour line is verticalndicating complete
insensitivityto SHmax whichreflectsthe asymptotic behavior of EqlL) and (7). For the true triaxial criteria (MogCoulomb
and HoekBrown 3D), he effect ofthe intermediate stress to translatehe initiation of failure (Otwidth line) to ahigher SHmax
magnitudecompared to the Mok€oulomb case

Fig. 5 shows the dependence of breakout width on SHmax magnitude for th8hoage= 75 MPa, corresponding the estimated
conditions at opemole depth in the Basel reservoir. For the MBgiulonb and HoekBrown 3D criteria,failure initiates for
SHmaxmagnitudes ofl48 MPa and 18 MPa respectivelywhereas initiatiorfor the Rankine and Mohr Coulomb criteria occurs
32-37 MPa lowerat 116 MPa At a breakout width of 95°, thpredictedSHmax diffeencefor the two pairs of criteritncreases to
about60 MPa. The curves of Figs are very steep at breakout initiation which means tisabaguentsmall increasén SHmaxof
only 2.5 MPa results in a 20° increasepredicted breakouwidth (true for all criteria) This suggestthat breakout width of less
than 20° areot stable in agreement with the fact that such narrow breakouts are never observed.

The curves of Figh also show that ifShmin and the breakout widtlreaknown, the magnitude of SHmax can be uniquely
determined, at least for breakout wislth therange0° to 100°, either using Eq. 16) and (L7) or by numerically searchinfgr the
matching SHmax magnitudmn the following sectionghis approach is applied the profile of breakout wilths in the BS1 well to
obtain profiles ofSHmax.
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Figure 4: SHmax-Shmin solution spaceat the top of the open hole sectio@632 m depth BG)for a range of breakout widths
(29, ) obtained numerically for the following failure criteria parameterizedby the strength characteristics measured

on the plug from the Basell core: a) Rankine criterion, b) Mohr-Coulomb criterion, c) Mogi-Coulomb criterion and

d) Hoek-Brown 3D criterion. The assumed parameter values at 4632 m are: SV115MPa, Pp= Pw = 45 MPa.A

thermal stress of-16.7MPa is included to reflect a persisting 20°C cooling of the hole after drillingand 2o0i ssonéds
ratio of 0.22 The bold lines denote limits on SHmMax imposethy assuming that crustal strength is limited by a
Coulomb friction criterion with a friction coefficient of 1.0.
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Figure 5: Breakout width as a function of SHmax for the four strength criteriaparameterized with the strength data from
Table 1 A value for Shminof 75MPa was used as appropriate for the top of the open hole section of the Basel
reservoir. The curves define the combinations dBHmax and breakout widths prevailing along profiles A-A 6n Fig. 4

a) to d)

6.ESTIMATES OF BREAKOUTS WIDTH AT TH E BASEL SITE

Borehole failure was identified on a Schlumberger ultrasbareholeteleviewer log (UBIrunin crystalline rockbetween 2569
and 4992m shortly after drilling (Valley and Evans, 2009). The borehole diame®7 i¢ & d841m depth an®-1 / Betow.The
boreholeis subvertical, the maximum deviation reachifig toward the NWat 4600m. The ultrasonic reflectivity and travel time
logs are shown in Fig&ai b. Breakouts were identified along 81% of the ledgsectionandare almost continuous except for a
large 152 m gap from2747to 2899m depth and some other lesggnificant gaps aB8207 3856m, 41857 4221m and45821
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Figure 6: a) Ultrasonic reflectivity. b) Ultrasonic travel time. c) Angular widths of the NE (green) and SW (blue) breakout
limbs. d) Breakout width profile from averaging both limbs. €) to ) Histograms of breakout width for successive 500
m depthintervals and j) all data.
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Only axial spalling occurring in two localized, diametricathpposite directions were considered as potential breakouts. The
breakouts were measured on successiven#8ections over which the borehole geometry was averaged. The angular width of both
limbs of the beakouts were measured independently. Measurements were made through visual inspection of borehole cross
sectional geometry. As shown in Fég, the widths of each pair of breakout limbs are reasonably consistent except for a
discrepancy near 4050 m meter depth where the SW breakout side is more developed. For further analysis, the widths of both
breakout limbs were averagéal generate the depth profile of breakout width shown in@eigHistograns of breakout width for
successive 500 m depttices are presented @figs.6e-j. Considering all measurements, the width is 72.27.4° (mearx 1 std.

dev.). The smétst measured width is 20° with a single measurement exception at 15°, consistent with the theoretical consideration
of Fig. 4b that breakout with with smaller than about 20° are not stable. The largest measured width is 150°. Breakout width tends
to decrease with depth from an average of 93.3° in the-23600m range to 67.0° in the 4500 to 50@0-ange.

7.STRESS ESTIMATE FROM BREAKOUT WIDTH OBSERVATIONS
The breakout widtlprofile shown n Fig.6d was used to determirgeprofile of SHmaxassuming the profiles @v and &min are

given by Eq. {) and @), respectively. A thermal stress componensg))?— = SZDT =-16.7 MPawas used since temperature logs

indicate the crystalline borehole section remaiB68C cooler than ambient at the time the UBI log was. fTime four different
failure criteriadescribedin Section4 were considered in thanalysis The magnitude of SHmaat each depthwere derived
numerically byiteratively adjusting th&Hmaxvalue andy solving the forward problem (computing the expecteshkout width)
until a good match withthe observed breakout width was found. A minimization routine by Forsythe et al. (18&6)s
implemented inthe MATLAB ™ Optimization Tolboxwas usedWhen the observed breakout widtkceededabout 100%.e.
getting close to the asymptote at 126fentionedin Section5), a sensiblematch couldnot be achieved anthus generallyno
solutionwasobtaned.All retained solutions match with the observed beeakvidth within1e-10° or better At deptts where no
breakous were observed, theomputed SHmax level for breakauttiation wastaken asan upper bound for SHmaXhe SHmax
profilesresultingfrom these computationfer the four failure criteriaare presented on Figa-d, together withboundson SHmax
imposed by assumirtpat cristalstrength is linted by a Coulomb friction criterion with frictiocoefficients m of 0.6 and 1.0

Figure 7: Result of the computation of SHmax from breakout width (see main text for details on the computation
R
procedure) for four failure criteria: a) low confinement Mohr-Coulomb/Rankine with C, = C, = 117.7 MPa b)

R
high confinement Mohr-Coulomb with Cy = Cy = 167.3 MPa c) Mogi-Coulomb (a=21.26, b=0.67 and d)Hoek-
Brown 3d (C, =109.0MPa, m; =5.6). The Mohr-Coulomb and Rankine criteria are identical because Pw=Pp.

Light blue dots: results of each individual SHmax computation. Solid black line: filtered result using a-point
(2.2 m) moving average. Red line: upper bound on SHmax computed at locations where no breakouts were observed.
Green line: assumed Shmin magnitude. Blue line: assumed Sv magnitude. Black dashed line: limits on SHmax
imposed by assuming the crusstrength is limited by a Coulomb friction criterion with friction coefficients , m of 0.6
and 1.0.



